Enterococcus faecalis and Enterococcus faecium are among the leading causes of hospital acquired infections. Reliable and quick identification of E. faecalis and E. faecium is important for accurate treatment and understanding their role in the pathogenesis of infections. Fluorescent in situ hybridization (FISH) of whole bacterial cells with oligonucleotides targeted at the 16S rRNA molecule leads to a reduction of time to identification. Furthermore, the abundance, spatial distribution and bacterial cell morphology can be observed in situ. We describe the design of two fluorescent labelled oligonucleotides that respectively detect the 16S rRNA of E. faecalis and the combination of E. faecium, Enterococcus hirae, Enterococcus mundtii and Enterococcus saccharolyticus. Different protocols for the application of these oligonucleotides with FISH in clinical samples like faeces or blood cultures are given. We were also able to visualize enterococci in a biofilm attached to a biomaterial. Embedding of the biomaterial optimal preserved the morphology and the architecture of the biofilm could be observed. The studies that use FISH for detection of enterococci are generally hampered by the fact that they are only focused on one material and one protocol to detect the enterococci. However, the results of this study show that the probes can be used both in the routine laboratory to detect and determine the enterococcal species in different clinical samples and in a research setting to enumerate and detect the enterococci in their physical environment.
Introduction
Enterococcus faecalis and Enterococcus faecium, which are considered part of the normal intestinal flora, are among the leading causes of nosocomial infection. E. faecalis accounts for 80-90 % and E. faecium for 5-10 % of clinical enterococcal isolates in human infection (159) . Treatment of these infections can be difficult due to emerging antimicrobial resistance (113, 170) . Reliable identification of enterococci, especially E. faecalis and E. faecium, is important for accurate diagnosis and treatment. Current methods of identification are based on phenotypic characteristics which may show variation on testing, are difficult to perform and often take up to several days for a final result (73). In recent years, authors have described molecular methods for the detection and identification of Enterococcus spp. by the use of labelled oligonucleotide probes based on both 16S and 23S rRNA genes (11, 12, 16, 161, 198) . However, most of these studies use direct DNA hybridization techniques for the identification of enterococci. Only few studies describe whole cell in situ hybridization for identification and enumeration of enterococci (12, 105) . Fluorescent in situ hybridization (FISH) of whole bacterial cells with oligonucleotides that detect the 16S rRNA molecule has the advantage that bacteria do not need to be cultured before detection and this would lead to a reduction of time to identification of the infecting organism (121). Also, different studies showed that only part of the bacteria in a specimen can be cultured because the bacteria have entered a nonculturable state, the culture conditions are not suitable or the patient has already been treated with antibiotics (2). The studies that use FISH for detection of enterococci that are published until now are hampered by the fact that the specificity of the probes is not tested in different mixed bacterial populations or that they are only focused on one specific type of material (12, 105, 121) . In this study, we describe the design of two fluorescent labelled oligonucleotides that specifically detect the 16S rRNA of E. faecalis and the combination of E. faecium, Enterococcus hirae, Enterococcus. mundtii and Enterococcus saccharolyticus. Furthermore, we describe different protocols for the application of these oligonucleotides in FISH on different clinical samples.
Materials and Methods

Culture strains and media
All reference strains used in this study are listed in Table 1 . The strains were obtained from different sources as indicated in the table: DSM(Z) is Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunsweig, Germany), ATCC is the American Type Culture Collection (Rockville, Md.), and MMB is the Laboratory for Medical Microbiology (Groningen, The Netherlands). Clinical isolates of E. faecalis and E. faecium were obtained from various clinical samples of different patients staying at the University Hospital Groningen, The Netherlands. DSM or ATCC strains were cultivated on the media as described in the respective catalogues. All anaerobic strains were cultivated in anoxic 61 C H A P T E R peptone-yeast extract-glucose (PYG) medium (109) under anaerobic conditions at 37 °C. Facultative anaerobes were cultured on 5 % sheep blood agar (Oxoid) and one colony was inoculated in brain heart infusion medium (Oxoid) at 37 °C. All MMB strains are clinical or human faecal isolates from local and regional public health laboratories and have been identified by routine procedures. 
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Design and testing of DNA probes
Oligonucleotide probes were designed with the ARB software package (145) and rRNA sequences were obtained in an aligned form from the Ribosomal Database Project (RDP) (147) supplemented with newly deposited rRNA sequences from GenBank. Fluorescein labelled oligonucleotides against selected specific target sequences of E. faecalis and E. faecium were synthesised commercially (Eurogentec) and tested for specificity against a set of reference organisms listed in Table 1 . All strains were cultured in the appropriate fluid medium until log-phase; this medium was diluted 1:50 in PBS (8 g of NaCl, 0.2 g of KCl, 1.44 g of Na 2 HPO 4 , and 0.24 g of KH 2 PO 4 each per liter). From this cell suspension, 10-20 µl was smeared on a glass slide and air-dried at room temperature (RT). The cells on the glass slides were fixed for 5 minutes in ethanol (96 %) and again air-dried. To allow permeabilization of their cell membrane, the Gram-positive strains were treated with enzymes prior to hybridization. The other strains were hybridized immediately after fixation. The permeabilization buffer consisted of a fresh mixture of 100 mM Tris-HCl pH 7.5 and 50 mM EDTA. For the permeabilization of Streptococcus spp., Enterococcus spp., Bifidobacterium spp., Eubacterium spp. and Peptostreptococcus spp. permeabilization buffer with 1 mg ml -1 lysozyme (Boehringer) was applied for 30 min at 37 ºC. For the permeabilization of Clostridium spp., Lactobacillus spp. and Lactococcus spp. permeabilization buffer with 5 mg lysozyme and 0.1 mg ml -1 pancreatic lipase (Sigma) was applied for 30 min at 37 ºC. To the cell smears, 20 µl of the enzyme mixture was added and incubated for 30 min at 37 ºC in a buffer-saturated chamber. After treatment the slides were shortly rinsed with milli-Q water and air-dried. Subsequently, 10 µl of hybridization buffer (0.9 M NaCl, 20 mM Tris-Cl [pH 7 . 5] and 0.1 % [w/v] SDS) containing 10 ng µl -1 of FITC-or Cy3 labelled probe was added to the smears. The formamide concentration was optimized by varying the percentage of it in the hybridization buffer. The smears were incubated under a coverslip at 50 ºC for 2 h in a buffer-saturated chamber. Finally, the slides were washed in 50 ml wash solution (0.9 M NaCl, 20 mM Tris-Cl [pH 7.5]), air-dried and mounted in Vectashield (Vector Labs). In all experiments, the Eub338 probe was used as a positive control (1). The slides were evaluated with an Olympus BH2 epifluorescence microscope.
Detection of E. faecalis and E. faecium in clinical samples of faeces and blood cultures
The application of the probes on different faecal samples was tested by enumerating the enterococci in diluted fecal samples that yielded enterococci on routine culture. The faeces of healthy adult volunteers and 9 premature babies between 3 and 21 days old (average of 10 days) and a gestational time between 32 weeks 1 day and 35 weeks (average 33weeks 4 days) was tested. Portions (0.5 g) of each stool were fixed with paraformaldehyde (PFA) as described previously (82). The fixed solution was mixed 1:1 with 5 % (w/w) Tween 80, 10 µl was smeared on a glass slide and air-dried at RT. Further treatment was performed as described above with modifications as listed in Table 2 . Positive blood cultures with Gram-positive cocci in chains on the gram stain were selected for the detection of E. faecalis and E. faecium. A total of 15 µl from a positive blood culture
was smeared onto a glass slide and air-dried at RT. Further treatment was performed as described above with modifications as listed in Table 2 .
Detection of E. faecalis and E. faecium in biofilms on bile drains
The drains were cut into pieces of 0.5 cm and fixed in 4 % (w/v) PFA for 48 h at 4 ºC and subsequently stored in 50 % ethanol/PBS (v/v) at 4 ºC. The drains were rinsed in distilled water, dehydrated in graded ethanol (50, 70, 96 and 100 %) and embedded in Technovit 7100 hydroxyethylmethacrylate (Kulzer Histo-Technik, Klinipath). Cross sections of 10 µm were cut and hybridized as describe above with modifications as listed in Table 2 . Results of the hybridization were confirmed by routine culture.
Results
Probe design and specificity
To design oligonucleotide probes that specifically detect E. faecalis and E. faecium, alignments of 16S rRNA sequences retrieved from the RDP were analyzed and target sides were identified that are present in E. faecalis or in E. faecium. In Table 3 the sequences of the Enfl84 and Enfm93 probe are given.
In Table 1 the results of the FISH of probes Enfl84 and Enfm93 with different clinical enterococcal isolates and reference organisms are shown. As reference organisms we chose streptococci because they look very similar to enterococci on Gram-stain and other relevant organisms that are frequently found in the faeces to confirm that the enterococci could be distinguished in this complex environment. All microorganisms hybridized with the Eub338 probe. The Enfl84 probe only hybridized with E. faecalis species. The Enfm93 probe also hybridized with E. hirae, E. mundtii and E. saccharolyticus. specificity of the probe. Enfm93 has a full match with E. hirae so it is also specific for this strain. The probe has only one weak T-G mismatch with E. mundtii and two G-T mismatches at the extreme 5' site of the target with E. saccharolyticus. The hybridization conditions might not have been stringent enough to prevent hybridization with these targets.
Optimization of hybridization protocols of the clinical samples
The faeces and blood culture samples were prepared and fixed for hybridization in different ways; therefore material specific optimized protocols were established. A summary of the specific hybridization conditions is shown in Table 2 . Hybridization of the faecal samples was optimal without prior permeabilization. Probably, the longer fixation in PFA already permeabilized the bacteria. The blood cultures were permeabilized and hybridized shorter than the pure bacterial cultures, this was necessary for the use in the routine laboratory where quick detection had the priority. The protocol resulted in less clear signals; however detection and identification was still possible.
Enumeration of enterococci in the faeces of healthy volunteers
In the faeces of the adult volunteers, only occasionally enterococci were detected by FISH which indicated that the enterococci were below the detection limit for enumeration. However, in the faecal samples of seven of the nine babies high numbers of enterococci were found. From the total number of DAPI stained cells up to 41 % (average 8.4 %) was E. faecalis and up to 23 % (average 6.4 %) was E. faecium with a total number of up to 2.6 x 10 10 cells g -1 wet weight (average 3.46 x10 9 ) for E. faecalis and up to 1.1 x 10 10 cells g -1 wet weight (average 1.71 x10 9 ) for E. faecium. Figure 1 shows the fluorescence of E. faecium hybridised with the Enfm83 probe labelled with FITC in a faecal suspension of a premature baby. 
Detection of enterococci in biofilms on indwelling devices
After a liver transplantation the bile is often diverted outside the body of the patient for prolonged times by a bile drain inserted into the bile duct. These drains often get colonized with enterococci; therefore we selected these materials for the detection of enterococci in biofilms attached to biomaterials. Figure 2 shows a micrograph of a bile drain covered with a thick layer of bacteria that hybridize with the FITC labelled Eub338 probe with a microcolony of E. faecalis on top of it that also hybridizes with the Cy3 labelled Enfl84 probe. Routine culture of this drain contained E. faecalis, Klebsiella pneumoniae, Klebsiella oxytoca and Escherichia coli. The presence of high numbers of Enterobacteriaceae in this biofilm was confirmed by FISH with a DNA probe that hybridizes with Enterobacteriaceae (197).
Discussion
In this study we have described the application of two DNA probes one for E. faecalis and one for E. faecium E. hirae, E. mundtii and E. saccharolyticus in various clinical materials. The results show that the probes can be used both in the routine laboratory to easily and quickly detect and determine the enterococcal species and in a research setting to enumerate and detect the enterococci in their physical environment and study the spatial distribution in situ. The Enfl84 probe is specific only for E. faecalis and the Enfm93 probe hybridized with E. faecium, E. hirae, E. mundtii and E. saccharolyticus. Hybridization with these enterococci could be explained by the presence of few or no mismatches (Table 3 ). E. hirae and E. mundtii have been isolated from human sources but only rarely and mostly these enterococcal species only colonize the human and are not isolated from blood cultures or other clinically important material (73, 94, 128, 206) . E. saccharolyticus has not been isolated from human sources (74). When using FISH with the Enfm93 probe on mixed bacterial populations, the most probable organism to give a positive signal is E. faecium but the possibility of one of the other three enterococcal species should be accounted for. Different materials require varying FISH protocols, however in this study we show that only minor adjustments are necessary to make the protocol applicable for new materials. The enterococci could be detected in faeces, one of the most complex bacterial populations of the human body; this implies that the probes also can be used on other clinical materials containing mixed bacterial populations like sputum or pus from abdominal abscesses. Positive blood cultures often contain a single bacterial species that can be identified easily, however this can take up to 24 or 48 hours and antibiotic treatment is necessary immediately. A study by Munson et al. showed that especially the notification of the Gramstain of a positive blood culture influenced the antibiotic therapy; fewer interventions appeared after the release of antimicrobial susceptibility data (168). As E. faecium is generally more resistant to antibiotics compared to E. faecalis, early discrimination between these species can be important for the empirical therapy. The application of FISH on positive blood cultures was previously reported and the enterococcal DNA probe used in this study
only identified E. faecalis (121). However, analysis with the ARB software package of the oligonucleotide sequence revealed that the probe used in that study detected many more bacterial species that are not commonly found in blood cultures but may be a problem when the probe is applied to a mixed bacterial population. Another study by Beimfohr et al. described two probes specific for the detection of E. faecalis and E. faecium in milk (12). These probes were based on the 23S rRNA. The 23S rRNA database is not as extensive as the 16S rRNA database. Therefore it might be difficult to use these probes in clinical samples containing a complex mixture of bacteria as e.g. faeces because the specificity of the probes can not be compared in sillico to many other bacteria. Enumeration of the enterococci in faeces revealed that the adult volunteers carried numbers under the detection limit for enumeration, but in a group of premature baby's high numbers were found. This showed that FISH is a suitable tool to study the enterococcal content of the faeces and the development of early bacterial gastro-intestinal colonization in this age group. Furthermore, many hospitalized patients use antibiotics with little or no antienterococcal activity, this might increase the number of enterococci in their faeces and therefore this method will also be useful for samples from this group of patients. Interestingly, we were able to detect enterococci with the FISH in a biofilm attached to an explanted biomaterial. Embedding the material in Technovit 7100 preserved the morphology very well and we were able to observe the architecture of the biofilm. These biofilms are a frequent source of persistent infections and many studies are conducted to prevent the formation of these biofilms (45, 188). Recently it was reported that bacterial biofilms play a role in orthopaedic implant failure even if the routine culture did not reveal a pathogenic bacterium and it was suggested that microscopic analysis of the surface of the explanted prosthesis could improve the detection of implant infections (181). With this protocol we provide a strong tool to detect bacteria in the biofilm and to observe its in vivo composition. Direct observation of the distribution of enterococci in biofilms might lead to better insight in their development and the discovery of ways to prevent their formation on indwelling biomaterials. In other studies the 16S rRNA based probe technique has been used to identify different enterococcal species (11, 161, 190, 198) . Only few however combined the advantage of direct visualization of the enterococci by FISH and the identification through the 16S or 23S rRNA (12, 105, 121) . The studies that use the FISH for detection of enterococci are hampered by the fact that they are only focused on one material and therefore one protocol to detect the enterococci. In this study, we describe two DNA probes that can be used for the clinically important enterococci E. faecalis and E. faecium and the hybridization protocols on three different materials. Therefore it can be concluded that these probes are ideal for the detection of enterococci in various clinical materials in a microbial laboratory setting where research and routine diagnostics are combined.
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